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ELECTRON GROUP POLARIZABILITY AND MOLECULAR 
PROPERTIES OF ORGANOPHOSPHORUS COMPOUNDS* 


HENRY TOLKMITH 
Edgar C. Britton Research Laboratory, The Dow Chemical Company 
Midland, Mich. 


POLARIZABILITY OF VALENCE ELECTRON GROUPS 
Introduction 


Physical and chemical properties of compounds are considered to 
be determined, to a large measure, by the characteristics of electrons 
occupying the highest quantum levels. In the past, systematic descrip- 
tion of the properties of compounds has been accomplished on the basis 
of ionization potentials, bond data, and data of polarization as charac- 
‘teristics of valence electrons. Although both the permanent dipole 
moment and the mean polarizability are known to be important struc- 
tural characteristics, relatively less attention has been given to polar- 
izability as a property-determining factor of compounds. 

It has been shown by Fajans! that the molar, induced polarization 
(molar refraction) of a given electron group varies in a well-defined 
manner when this group is exposed to the influence of a given positive 
charge, and that the change in polarization is related to the degree of 
polarity of the bond uniting the positive and negative particles. Similar 
results have been reported by Smyth,? whose investigations also in- 
volved organic compounds. Implicit in these findings is the fact that 
the mean polarizability of a given electron group varies distinctly with 
molecular structure. Thus, it should be possible to describe certain pro- 
perties of compounds in terms of (induced) polarizability of the valence 
electron groups involved. It was decided to study the extent of such 
relationships with organophosphorus compounds because little attention 
has been given thus far to the theoretical aspects of this class of 
compound. For the purpose of a study of this kind it was first necessary 
to determine data of polarizability of various electron groups. These 
determinations were carried out on the following theoretical basis. 

The total mean polarizability q@ of a molecule in the direction of a 
given field equals the sum of polarizability by distortion (induced 
polarizability a,) and of polarizability of orientation a, and is defined by 
the well-known Clausius-Mosotti-Debye equation 


“ate open heel (1) 
4nN d_€+2 

*A major part of this work, entitled BOND REFRACTION, BOND NATURE, AND 
STRUCTURE OF ORGANOPHOSPHORUS COMPOUNDS, was accorded an A. Cressy 
Morrison Award in Natural Science by The New York Academy of Sciences, on December 4,: 


1958. 
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At a sufficiently high frequency of the alternating field the molecule 
will no longer be able to follow the reversals of the field, and a, becomes 
zero. According to Maxwell’s well-known relation between dielectric 
constant and refractive index, ¢«=n?, the mean polarizability of a mol- 
ecule is then defined by the term 


(2) 


The polarizability a, receives contributions from atomic cores 
aa, aS well as from electrons ag, and is proportional to the molar re- 
fraction Ro. Values of R.. can be determined only by extrapolation 
of experimental values of molar refraction Rp. For many purposes it 
is permissible, without serious loss of accuracy, to employ values of 
Rp instead of values of Reo.1’? Therefore, 


3 

Qj=aga tage dat Rp (3) 
It has been shown by Van Vleck? that EquarTion 3 can be estab- 
lished also on the basis of quantum mechanics. In this equation, N 
represents the Avogadro number and Rp the molar refraction in cubic 
centimeters per mole for D-light. If the value of Rp is known for a given 
atom, ion, or molecule, the induced polarizability a4 + ag can be deter- 

mined in cubic angstrom units. 


Polarizability of Various Electron Groups 


The molar refraction Rp of various ions was investigated by Fajans 
and Joos.* From the data reported it was possible to determine the in- 
duced polarizability of the ions involved, according to EQUATION 3. The 
polarizability values obtained were as given in TABLE 1. They show 
clearly that the induced polarizability of a nonmetal ion receives neg- 
ligible contribution from the polarizability of the positive atomic core, 
(for example, Cl” as compared with CI*7), and is almost identical to 
the polarizability of the valence electrons involved. The polarizability 
of the proton itself is known to have a value of zero. 

On the basis of the polarizability data, as given for various atomic 
cores in TABLE 1, it was possible to determine polarizability values 
of various valence electron groups from refractive data available for 
various groups of atoms (see TABLES 2 and 3), 

For the purpose of determining data of induced polarizability for 
various electron groups containing valence electrons of phosphorus 
from the data listed in rapes 1, 2, and 3, it was necessary to have 
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TABLE 2 


* 
POLARIZABILITY OF VALENCE ELECTRON OCTETS (@_ IN A3) 


 smetes |g a 


References 


0.634 (0.65) 1,2,5,8 
(1.29) 1,2,5,6,9 
(1.15) 2,5,6,9 
(1.30) 2,6,9 
2s22p6 (2.06) 1,2,5,6,9 
(1.95) 2,5,6,8,9 
(1.85) 2,5,6,8,9 


(2.11) 


5,8,9 


(2.65) 


3s 23p6 (3. 79) 2,6, 9 


(3.73) 2,6,8,9 


(4.36) 


(3.62) 
4574p® 
(4.89) | 4.676 (4.74) 


* Data of 24; =Q4 +p given in parentheses. 


available pertinent characteristics of the positive cores of carbon, 


silicon, and phosphorus. The characteristics were found to be as shown 
in TABLE 4. 


Polarizability of the 3p3 Electrons of Phosphorus 


In the complete electron configuration of phosphorus, 1s?2s?2p63s23p3 
the 5 valence electrons are represented by 3s?3p3. It is well known that 
phosphorus shows bond hybridization to a lesser extent than carbon and 
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TABLE 3 


POLARIZABILITY OF SHARED ELECTRON PAIRS. (, IN A3) 
(H) | C(aliph.) (Si) | Gn) 
0.825 0.658 1,225 
(0.825) | (0.67) (1.265) 
0.658 0.475 
(0.67) (0.495) 
1,225 0.918 
(1.265) | (0.97) 


Configuration 


involved References 


1,2,5,6,8,9 


Caliph, 
2s22p2 Seow 


(1.09) . 


2.2 
3s23p2 (Si) 


(2.28) 


5s25p2 (Sn) 


* Data of aj=a, +aEp given in parentheses. 


silicon. Although amounting to an oversimplification, it may tentatively 
be permissible to consider the formation of single covalent bonds as a 
phenomenon involving the participation of 3p* electrons of phosphorus 
only. On the basis of such a simplified concept, it is less complicated 
to describe the polarizability of the 3s?3p3 electrons of phosphorus. 
Investigations carried out with this concept in mind have given suf- 
ficiently meaningful results; as these are described in subsequent 
sections of this paper, a more detailed approach is unnecessary at this 
point. 


TABLE 4 


+. fn 
CHARACTERIsTICS oF C*, Si**, AND P*> 


References 


Nuclear charge 


Polarizability (a; in A>) 0.028 TABLE 1 
Ionic radius(in A) 0.35 +0,.05 10 
Ionizat. potential” (in ev.) 65.01 11 


*Force necessary to convert atom to positive core. 
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Accordingly, the 3p° electrons of phosphorus were considered as 
participating in the formation of single covalent bonds that produced a 
series of groupings analogous to those listed in the raBLes 2 and 3, 
with phosphorus in place of X. The polarizability of valence electrons 
of these groupings was estimated from the data of rapes 2 and 3 with 
consideration of the data given in TABLE 4, according to Coulomb’s 
law. The values obtained by this procedure were converted to data of 
electron group refraction, according to EQguaTIoN 3, and checked for 
accuracy by computing molar refractions from them. Comparison with 
experimental data of molar refraction showed that minor corrections of 
the estimated values of electron group polarizability were necessary. 
The data obtained for the polarizability of electron groups, presumably 
containing 3p? electrons of phosphorus, were as given in TABLES 
5 and 6. 

The values determined for ag, as given in raBLes 5 and 6, in- 
dicate the existence of relationships between electron polarizability 
and interpenetration of charge densities of electrons involved in the 
formation of covalent bonds of the species listed. This interpenetration 
of charge densities depends upon the extent of overlapping of atomic 
orbitals and, according to the Pauling-Slater theory, determines the 
strength of the covalent bond involved. Therefore, it may be expected 
that electron polarizability and bond energy are inversely proportional. 
This has been found to be true and will be shown in detail below under 
Bond Energy and Interatomic Distance. 


Polarizability of the 3s? Electrons of Phosphorus 


The availability of data of polarizability of the 3p? electrons of 
phosphorus made it possible to determine corresponding data for electron 
groups involving the 3s? electrons of phosphorus. This electron pair 
may be considered to remain unshared in compounds containing tricova- 
lent phosphorus or to produce various coordinate bonds such as PO, 
P—N, P—S, and P—»Se. The polarizability of electron groups involving 
3s? electrons of phosphorus was determined by the following method. 

From the experimentally known molar refraction Rp of a given 
phosphorus compound the induced polarizability a, was calculated 
according to EQUATION 3. From the data given in raBLes 1, 5, and 
6, the sum of polarizabilities of the atomic cores (@,) and electron 
groups (ag) of the molecule was calculated. The balance of a; and the 
sum of atomic and electron group polarizabilities was taken to represent 
the polarizability of electron groups involving 3s? electrons of phos- 
phorus. The data obtained were as given in TaBLeE 7. An especially 
interesting result of this investigation was the determination of induced 


Tolkmith: Organophosphorus Compounds 195 
TABLE 5 


POLARIZABILITY OF ELECTRON OCTETS INVOLVING 
3p3 ELECTRONS OF PHOSPHORUS 


Og (A ®) 


Octet 
Species Estimated Corrected Qi (A3) er: 
refraction 


*In cubic centimeters per mole for D-light (from @;, according to EQUATION 3). 
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TABLE 6 


POLARIZABILITY OF ELECTRON PAIRS INVOLVING 
3p? ELECTRONS OF PHOSPHORUS 


: aE (RS ) 93 
Estimated Corrected ay (A*) 


Type of shared 
electron 


Electron pair 
refraction* 


2.2 


2s* or 2p C(aliph.):P 1.85 
C(arom.):P 2.75 
3s° or 3p Si:P 3.4 


P:P 


*In cubic centimeters per mole for D-light (fromQj, according to EQUATION 3). 


polarizability and of refraction of an unshared pair of electrons (see 
fifth column of TABLE 7). Polarizability data and data of refraction 
pertaining exclusively to unshared electron pairs of any kind were not 
known previously. 


TABLE 7 


POLARIZABILITY OF ELECTRON GROUPS INVOLVING 
3s? ELECTRONS OF PHOSPHORUS 


ae 


2.13 2.30 | 4.73 
5.4 5.80 |11.90 


*In cubic centimeters per mole for D-light. 


Tin R3, 


Mean value of ant 
Electron group refraction * 
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According to the data of rasLe 7, the polarizability of a pair of 
unshared electrons on phosphorus 3s? is not markedly influenced by the 
nature of the groups attached to phosphorus by its 3p3 electrons. The 
az values of the electron octets of the groups P—»O and PS are 0,32 
and 0.29 A? units higher than the respective values of electron octets 
of C—O and C-—»S. This is to be expected from the data given in 
TABLE 4. 

The nitrogen core NtS is known to have a polarizability, ionic 
radius, and ionization potential of 0.008 A3, 0.15+0.05 A, and 113.87 ev., 
respectively. Upon comparison of these data with the data for PTS in 
TABLE 4, it may be estimated that the polarizability of the unshared 
electron pair of nitrogen amounts to about 1.1 A>. 


Interrelations Involving Polarizability 


The polarizability data determined for various electron groups 
permitted studying the change of polarizability of valence electron 
octets of the neon (2s?2p®), argon (3s73p®), and krypton (4s24p®) shells 
under the influence of the positive core of the phosphorus atom, Such 
changes were found to be as shown in FricuRE 1. The trend of these 
changes is quite similar to trends produced by positive cores of other 
atoms, when in place of phosphorus. Patterns of this kind were first 
discovered by Fajans! in his studies on refraction of various types 
of compound and led to a series of rules of ion deformation named after 
their discoverer. 

The changes in polarizability, as illustrated in r1gure 1, permitted 
estimation of the value of polarizability of the 4s74p® octet on selenium 
in the group P-Se-P. This value should equal 5.8 A3, and thus would 
correspond to a value of refraction of 14.6 cc. per mole for D-light. 
There are, at the present time, no experimental data of refraction 
available that would permit testing the accuracy of this value. 


POLARIZABILITY AND BOND DATA 
Bond Energy and Interatomic Distance 


It was stated above that a mathematical relationship might be 
expected to exist between electron group polarizability and bond energy. 
Huggins?° designated bond energies as quantities that are not strictly 
energies but contributions of the bonds to the heat of formation of the 
molecules containing them, and proved that they are computable from 
properly modified data of electronegativity. Huggins showed also that 
the interatomic distance r,4, can be calculated from the bond energy 
E,, according to the equation 


fap =ta* +tp*—1/2 log Ege (4) 
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FIGURE 1. Interrelations in polarizability of valence electron octets. 


Correlation of polarizability data, as determined for the valence 
electrons of phosphorus, with known data of bond energy showed exist- 
ence of the relationship 

Eas = Cae jee aE (5) 

Combination of equations 4 and 5 resulted in the relation 

TAB =ra*+rg*-1/2 log (ep wad Pel * ag) (6) 


On the basis of Equations 5 and 6 it was possible to calculate 
bond energies and interatomic distances of phosphorus bonds from 
polarizability data of phosphorus valence electrons and to compare the 
data calculated with known data. In these calculations the following 
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data units were employed: Data of ag were taken from TaBLeEs 5 and 
6; the constants C' and C” were determined separately, and C” was 
found to have a constant value of 11.6 in all cases. The values of 
C’ were found to be 110, 85, and 68 and to apply to ag values of 
valence electron octets, the electron pair of P-H and of other electron 
pairs, respectively. Values employed for the constant energy radii 
r4* and tz*, were those given by Huggins.2° The following results 
were obtained: 

Data of bond energy and interatomic distance, when determined by 
EQUATIONS 5 and 6, respectively, were found to be in satisfactory 
agreement with experimental data available 21-2? (rasLe 8). An ex- 
ception represented the interatomic distance of the P-F bond whose 
calculated value was found to be in agreement with the value determined 
by Huggins,?° but was not in agreement with experimental data.?? 


TABLE 8 


POLARIZABILITY, BOND ENERGY, AND INTERATOMIC DISTANCE 


Electron 
group 


1.45 ~1.59 
1.66 0.03 


2.015 +0, 015 
2.15 


2.02 
2.1 +0,01 


1.42 +0,03 


1.87 t0.02 
P-C (arom.) 1,88 
P-Si 2.24 


P=-P 


Bond Refraction 


In analogy to the definition given for bond energy,?° bond refraction 
may be considered as a contribution to molar refraction made by the 
electrons forming the bond involved. Some types of compounds, for 
example, alkanes and silanes, are composed of atoms whose cores 
have negligible values of refraction, and whose valence electrons are 
bonding electrons exclusively. The molar refraction of these compounds 
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receives contributions only from the refraction of shared pairs of bonding 
electrons and, therefore, is almost equal to the sum of bond refractions. 
Most organic compounds, however, are composed of atoms whose valence 
shells contain unshared electron pairs that also contribute to refraction. 
The molar refraction of such compounds is larger than the sum of its 
bond refractions. For instance, the molar refraction of chloroform equals 
the sum of the refraction of one C-H bond plus the refractions of three 
chlorine valence octets. These octet refractions include the refraction 
of the C-Cl bonds; that is, the refraction of the electron pair shared by 
carbon and chlorine, but they also involve the refraction of the three 
unshared valence electron pairs of each chlorine atom. The existence of 
unshared electron pairs in chloroform is obscured in its valence bond 
structure, but is recorded in its electronic structure. Consequently, if 
the molar refraction of chloroform and its valence bond structure are 
employed to determine the bond refraction of C-Cl, the resulting value 
actually represents the refraction of the C-Cl bond proper plus the 
refraction of three unshared valence electron pairs of chlorine. A value 
of refraction, when determined in this manner, does not represent a bond 
property and should not be called a bond refraction. It actually is a 
refractive increment that, upon combination with other refractive in- 
crements, is supposed to produce a theoretical value of molar refraction, 
being practically equal to the experimental value of molar refraction of 
the compound involved. Thus, although the practical importance of data 
of refractive increments is evident, so-called bond refractions or atomic 
refractions derived from valence bond structures do not represent 
fundamental characteristics of bonds or atoms. Nevertheless, numerous 
data of bond refraction have been elaborated on the basis of valence 
bond structures (see TABLE 9). 

Of the data listed in raBLe 9 those involving the bonds of hydrogen, 
carbon, and silicon represent quite reliable values of refractive incre- 
ments that have been established by the extensive work of Vogel and 
his associates®+9:12 as well as by investigations of DenbighS and of 
Warrick.© Data of refractive increments involving phosphorus bonds 
show a less satisfactory picture. Large discrepancies exist with data 
pertaining to the P-H, P-C, and P=O bonds. A comparison of theoretical 
with experimental data of molar refraction (Rp), involving various values 
taken from TABLE 9, shows that the refractive constants la: by 
Sayre?5 apparently are the most reliable ones. 

Although the values given by Sayre?5 appear to be Satiakactoey: 
they contain a negative value of -1.032 cc. per mole for the refractive 
increment of the P=O bond. A similar value of —1.22 cc. per mole for 
this bond has recently been interpreted as lending support to the 
formulation of P=O as a coordinate bond.44 However, Vogel,® who was 
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the first to show the existence of apparently negative values of refraction 
in connection with organic compounds, has stated that no explanation 
can be given for their. negative sign.® Moreover, many years before 
these statements about the refraction of the P=O bond were published 
Smyth? had called attention to the fact that negative values for refrac- 
tive increments of any group are untenable on theoretical grounds. Such 
negative values indicate a faulty theoretical concept employed in 
connection with their determination. Positive values of refraction for 
the P=O bond, as reported by Keeber and Post?% and by Feher?* never- 
theless do not give agreement of theoretical and experimental Rp values 
(see TABLEs 9 and 10). 

In view of this situation it appeared desirable to attempt to estab- 
lish a set of data for refractive increments pertaining to phosphorus 
bonds on the basis of the complete valence electron structure of phos- 
phorus compounds. The data of refraction of various electron groups 
containing valence electrons of phosphorus, as given in the TABLES 
5, 6, and 7, were obtained on the basis of the complete valence electron 
structure of phosphorus compounds, and thus appeared suitable for 
determination of refractive increments pertaining to phosphorus bonds. 
The data of refraction given in raspLes 6 and 7 were considered to be 
directly applicable. For some of the data of refraction, as listed in 
TABLE 5, it was necessary to subtract known and well-established 
bond refraction data® in order to obtain data of refractive increments 
pertaining to the phosphorus bond involved. The data of rasLe 11 were 
obtained in this manner. They might be referred to by the customary 
but ambiguous term of bond refraction, although they actually are re- 
fractive increments characteristic of the electron group involved. 

Of the various conclusions that can be drawn from the data of 
TABLE 11, the following are of importance. 

The so-called bond refraction of the P-O, P-S, P-N, and P-C bond 
is not a structure-independent constant, as implied by previously re- 
ported data (see TABLE 9), but varies with the nature of other groups, 
besides phosphorus, attached to O, S, N, and C of these bonds. The 
degree of variation in the refraction of a given covalent bond P-X in the 
linkage P-X-Y is moderate if X is strongly electronegative, for example, 
if X is oxygen, and more pronounced if X is less electronegative, for 
example, if X is sulfur or carbon. Relationships of this kind are to be 
expected from the viewpoint of electronic theory of structure and are 
likely to hold for the P-Si-Y linkage also. 

The refractive increment of the P=O bond is smaller by 1.25 units 
than the refractive increment of the unshared electron pair on phosphorus. 
Whenever valence bond structures of phosphorus compounds are employed 
it is necessary to consider the refraction of this electron pair to be 
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TABLE 10 


ACCURACY OF REPORTED REFRACTIVE INCREMENTS OF VALENCE 
BONDS OF PHOSPHORUS (IN CUBIC CENTIMETERS 
PER MOLE FOR D-LIGHT) 


Rp Calculated Rp Experim, 


Reference 


(C2Hs50)3PO 13 
(C2H5)2PO(OC 2H 5) 27 
C2Hs5PO(H)(OC 2Hs) 27, 
C6HsPO(H)(OC 2H) 28 


C1,C=CHOPOQ(OCH 3), 


TABLE 11 


REFRACTIVE INCREMENTS PERTAINING TO 
PHOSPHORUS BONDS (IN CUBIC CENTI- 
METERS PER MOLE FOR D-LIGHT) 


Refractive increment 


involved 
Pehydrogen 2.2(P—H) — 
P-halogen 1.5(P—F), 6.95(P—C1), 10,2(P—Br) 
P-oxygen 4.15(P=O), 1.45(P—OH), 1.35(in P—OC, P—OSi), 1.45(in P—OP) 
P-sulfur 11.90(P=S), 6.25(in PSH), 5.65(in P-SC, P-SSi), 5.3(in P—SP) 
P-selenium 15.60(P=Se), 7.3(in P—SeP) 
P-nitrogen 5,.80(P=N), 1,7(in P—NH ), 1.5(in P—NHC), 1.3(in P-NO), 
- 1,9(in P—N=C), 1,5(in P—N—P) 
P-carbon 1,85(P—C aliph.)» 2.75(P—C arom.)» 2.55(in P—C:N), 2.7(in P—CCl,), 
2.05(in ep 
P-silicon 3.4(P—Si) 
P-phosphorus 3.5(P—P) 


(none) 5.40 (for unshared electron pair on phosphorus) 
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zero. This assumption results in a value of —1.25 units of refraction for 
the P=O bond. In accordance with Smyth’s? early statement about 
theoretically meaningless negative values of refraction, a negative 
value of refraction for the P=O bond merely shows that an investigation 
of refractive properties of phosphorus bonds on the basis of valence 
bond structure produces fallacious results. 

However, the data of TaBLeE 11 and the conclusions drawn from 
them can be considered valid only if the values given for refractive 
increments pertaining to phosphorus bonds are in agreement with ex- 
perimental facts. Such agreement was found to exist, as will now be 
described. 


POLARIZABILITY AND MOLECULAR DATA 
Molar Refraction 


The molar refraction of organic compounds is known to be a con- 
stitutive property that is essentially additive; therefore the molar 
refraction of organophosphorus compounds may be considered to be the 
sum of refractive contributions, coming from the ‘‘peripheral organic’’ 
parts of a given structure and a refractive contribution made by the 
‘central inorganic’’ group built around the phosphorus atom. For example, 
the molar refraction of trimethyl phosphate (CH;0),PO may be regarded 
as the sum of refractive contributions of nine peripheral C-H groups 
and one central (C-O);PO group. The refraction of various central groups 
in phosphorus compounds can be determined theoretically as well as 
empirically and the extent of agreement found is a criterion of the 
accuracy of the theoretically established data. Satisfactory agreement 
of data would also show the extent of strict additivity of molar refraction 
of organophosphorus compounds. 

Theoretical determination of data of refraction of various central 
groups containing phosphorus atoms involves summation of values of 
refraction of electron groups containing valence electrons of phosphorus. 
Values of this kind have been listed in the raspLes 5, 6, and 7. Another 
theoretical method of determination of data of group refraction would 
involve the summation of bond refraction data (compare TABLE 11). Both 
methods produce the same theoretical values of group refraction. 

The empirical method of determination of data of group refraction 
requires availability of experimental data of refraction, based upon the 
well-known Lorentz-Lorenz equation 


M — n?-1 + 


Rn =— ° 
ane eS. (2) 
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Subtraction of refractive data of the ‘‘peripheral organic’? parts 
from values of Rp leaves data of refraction of the central, phosphorus- 
containing group. Refractive data of various organic structures, as 
necessary for this operation, have become available by the extensive 
work of Vogel and his associates.® An example of theoretical and 
experimental determination of data of group refraction is given in 
TABLE 12. 

According to the method described, the refractive data of phosphorus- 
containing groups (GR) of more than 600 organic compounds were deter- 
mined theoretically and experimentally. The results obtained were as 
given in TABLEs 13 to 17. 

In the preceding tables certain compounds were listed for which 
no pertinent physical data were available in the literature. These 
compounds, originally prepared in connection with other investigations, 
had refractive data as given in TABLE 18. 


TABLE 12 


EXAMPLE OF DETERMINATION OF P-GROUP REFRACTION, GR 
[EXAMPLE: (CH,0)3PO] 


Empirical 
(GRex ‘p. ) 


Theoretical 
(GR tn.) 


13,77 


Three C-O—P groups—98,55 (see TABLE 5) | Rp of (CH30)3PO —+27.8 £0.06 


Nine C—H groups — 15.08° 


One P=O group — 4,15 (see TABLE 7) 


Refraction of (C—O)3PO — 12.72 


Refraction of (C—O)3PO — 12.7 


Heterocyclic rings. These rings are known to show certain devia- 
tions in their refractive properties, customarily referred to as either 
optical exaltation or optical depression. When refractive properties 
of heterorings were first investigated it was concluded by Bruhl!!7 that 
the phenomenon of optical depression existed with unsaturated ring 
structures only. Many years later it was discovered by Vogel and his 
associates® that saturated ring systems may show either exaltation or 
depression in their optical properties and that the nature of such re- 
fractive deviation depended merely upon the size of the ring involved. 
Moreover, Johnson!!8 found that optical depression of an unsaturated 
heteroring may change to optical exaltation upon proper ring substitu- 
tion. It is now generally accepted that optical exaltation of ring struc- 
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TABLE 18 


MISCELLANEOUS COMPOUNDS 


Compound ’ x nig P. Rp 

(C.-) | (C./10 mm.) found 
CH3POCl, ~ 33 53 to 54 1.4382 (40°)| 1.4526 (40°)| 24.96 
(C4H9O)2POC1 _ | 129 to 30 | 1.0772 (20°)|1.4306 (20°)| 54.90 
CH 3NHPSC1, 87 to 88 1.4694 (20°)| 1.5609 (20°)| 36.14 
(CH3)2NPOC1, 73 to 74 1.3500 (20°)| 1.4640 (20°) 33.11 
C,H;NHPOC1, 121 to 122 | 1.3873 (20°)| 1.4694 (20°)| 32.54 
C,H;NHPSCl, 98 to 99 1.3803 (20°)| 1.5452 (20°)| 40.79 
(C,H;),NPOC1, 92 to 93 1.2505 (20°)|1.4648 (20°)| 41.99 
(CH 3) ,NPO(OCH 3)> 77 to 78 1.1117 (20°)] 1.4200 (20°)| 34.86 
[(CH 3)2N] ,PO(OCH 3) 87 to 88 | 1.0647 (20°)} 1.4385 (20°)| 41.01 
(C2H 5) 2NPO(OCH 3) 90 to 91 1.0665 (20°)|1.4264 (20°)| 43.57 
(C>Hs)2NPO(OC Hs), 96 to 97 1.0115 (20°)| 1.4240 (20°)| 52.81 
(C9H5)2NPO(CI)CH3 109 to 110 | 1.1277 (20°)|1.4672 (20°)| 41.75 
C,H;PSCl, 122 to 123 | 1.4050 (20°)|1.6230 (20°)| 53. 10 
(C,H5)2PC1 170 to 171 | 1.1801 (20°)|1.6340 (20°)| 66.86 
C,H;OPOC1, 110 to 111 | 1.4160 (20°)|1.5231 (20°)| 45.53 
4 CH,°C ,H,OPOCI, 124 to 125 | 1.3599 (20°) |1.5209 (20°)| 50.38 
4(CH 3)3C’C gH ,OPOC1, 147 to 148 | 1.2470 (20°)|1.5140 (20°)| 64.48 
4 Cl-C ,H,OPOC1, 134 to 135 | 1.5214 (20°)/ 1.5394 (20°)|50.57 
2, 4-C12°C 6H,O0POC1, 147 to 148 | 1.6088 (20°)|1.5580 (20°)| 56. 09 
2, 4, 5-Cl,°C,H,OPOC1, 167 to 168 | 1.6929 (20°)|1.5694 (20°)| 60,87 
2, 4, 6-Cl;‘CH,OPS(CIXOCH3) |58to59 1.5410 (60°) |1.5569 (60°)| 68, 74 
Oe4, 5-Cl,*C gH ,OPS(C1XOCH 3) 38 to 39 1.5526 (40°) |1.5780 (40°)| 68.73 
2, 4, 5-Cl3°C gH ,OPS(C1(OC Hs) | 14 to 15 1.5202 (20°) |1.5760 (20°)| 74.02 
2, 4, 5-Cl4*C gH ,OPS(OCH), 41 1.4575 (50°) |1.5530 (50°)| 70.60 
H,N-‘NHPS(OCH 3) 9 | 1.368 (25°) |1.5428 (25°)|35.96 


° ° 
HN: NHPS(OC 3H 5) 1.185 (25°) |1.5010 (25°)|45. 79 
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tures is caused by ring strain or electrophilic ring substitution and 
that optical depression may occur in the absence of these factors with 
saturated rings also. Thus, it is evident that both optical exaltation 
and depression are caused by electron shifts or changes in electron 
cloud density and that, consequently, they should be related to electron 
polarizability. 

For a number of heterorings experimental values of refraction can 
be determined from available data of molar refraction of heterocyclic 
organophosphorus compounds by the method described in the preceding 
section. The refractive data obtainable in this manner are as given in 
TABLE 19 (GR values). They are remarkable for their lack of constancy. 
With these values determined from experimental data reported by Arbuzov, 
Kabachnik, Jones, and their respective co-workers (see bibliographical 
references in TABLE 19), there is little likelihood that inaccuracy of 
experimental source data could be the cause of lack of constancy. Most 
probably a fact, this nonconstancy of refraction of a given phosphorus- 
containing ring group requires theoretical explanation that may be 
developed in the following manner. 

Substitution of carbon for phosphorus in the ring systems given in 
TABLE 19 produces groups whose data of refraction are as listed in 
column 2 of this table. The differences between these data and the 
refractive data of ring analogues containing phosphorus are listed in 
column 6. The magnitude of these differences can be determined also 
theoretically from known data given in raBLes 2, 3, 5, and 6, and 
has values as given in column 5 of rasLe 19. The discrepancies 
between the data of columns 5 and 6 can be explained in terms of 
optical depression and exaltation exhibited by the phosphorus-containing 
rings involved (see columns 7 and 8). According to this theory, the 
nature and amount of optical deviation shown by a given heteroring 
vary with the nature of the group attached to the ring by the 3s? electrons 
and the third of the 3p? electrons of phosphorus. While the influence of 
a group attached by the remaining 3p? electron is rather small, it 
becomes quite marked with groups attached by the 3s? electrons of 
phosphorus. This effect may be understood in terms of delocalization 
of the w-bond formed. Delocalization of such bonds is known to de- 
crease optical depression and, sometimes, to convert it to exaltation.!18 
The extent of optical deviation shown by a given heteroring remains 
constant, of course, for members of a homologous series of compounds 
containing the ring. These findings indicate that apparent anomalies 
in the refractive properties of heterocyclic organophosphorus compounds 
fit the previously mentioned general pattern of refractive behavior of 
other heterocyclic structures. 


213 


Organophosphorus Compounds 


. 
° 


Tolkmith 


a 72 TEBOA Wo’ Bled, 


s-o 
/ 
S19 €'t | 8490+ 99 870+ 80°% + 09 Sb '0Z 9} 86°6I L‘61 x a 
s-o 
72, 
€€ ‘0 100 — °} TO°T — $e'0 — 611 ‘09 LS°g 99 LS°L gs°s x. PY 
O-9 
Pe, 
+70 T0—\03 I'T— ve'0— p7l‘TZ1‘6e‘Le €9°8 01 €9°L €L’s < ‘| 
o-9 
jo-2 
91°0 810 — 93 84°0— be ‘0— ZZI-61T ‘09 ZI°L 0} ZS°9 sa xs | 
o-3 
Per 
10°0 ITT + 93 49°0 + LT+ €1 €L°8 03 67'°8 79° x Y 
\o-9' 
pw. 
0°0 pl + I'T+ €1 ae €°9 er | 
2-9 
: 9 | is | 8 oP ae ee 


snsoydsoud boqeD emjony}s Bury 


7B} Bxq *ssaideqg yTenjo Vy "09 ], 
asueyo yD jo emjzeNn MDH jo esueyD Sutjueseidal y 
senteA AD : 


(LHDIJI-g AOd AIOW Aad 
SUALAWILNAO OIGNSD NI VLVQ) SONIA DNINIVLNOD-SN AOHdSOHA AO NOILOVAATY 


61 AIAVL 


214 Annals New York Academy of Sciences 


Parachor and Refrachor 


On the basis of the data given in TaBLEs 13 to 17 it is possible 
to compute values of molar refraction of organophosphorus compounds 
belonging to more than one hundred different types of structure from 
a set of values of polarizability of electron groups involving valence 
electrons of phosphorus. It may be visualized that, if molar refraction 
represents an adequate quantitative characterization of a compound, it 
may be related to other additive as well as constitutive properties of the 
compound. Two properties of this kind are parachor [P] and rheochor 
[R], which were introduced by Sugden!?5 and by Friend and Hargreaves.1?° 
In temperature regions of negligible vapor density of a given compound 
they are defined as follows (o = surface tension, n = viscosity, d = liquid 
density): Fe 


d e 


M 
[Pl=—-Vo Rls sich Vin (8) 
All three molecular properties [P], [R], and molar refraction, 

Rp, are related to the molar volume, 127,128, 


eee ee ee (9) 


A more simple relationship between [P] and Rp, however, is im- 
plicit in an equation established empirically by Samygin!?9 (k‘ and 
k" being constants characteristic of a given type of compound): 

n?-1 d 


4 ‘ 
V = k . + k - i ER. 10 
= n?4+2 M (10) 


Multiplication of this equation with the molar volume directly 
results in the following straightforward relationship between [P] and Rp: 


Pe Kk Rs mike (11) 


As it is well known that the parachor, contrary to molar refraction, 
is affected by molecular association, EQUATION 11 must be changed to 


UP) atk Ry owing.) (12) 


In this equation, the factor a has a value of 1 if the compound 
involved is not associated, and a value of 2 or 3 if the compound is 
dimeric or trimeric, respectively. The constants k' and k” can be 
determined graphically by plotting experimental parachor values against 
theoretical values of molar refraction. In this manner the data given for 
k' and k" in raBLe 20 were obtained. 
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On the basis of Equation 12 and by means of the data of TABLE 
20it was possible to compute parachor data for various organophosphorus 
compounds and to compare them with known experimental data, as 
shown in TABLE 21. The results obtained indicate that both EQUATIONS 
10 and 12 hold with phosphorus compounds, although Samygin’s!29 
relationship, that is, Equation 10 has been criticized as being 
not accurate for other types of organic compound. !39-131 

Rheochor. In view of the correlations expressed by EQUATION 9 
it is likely that the rheochor also shows a simple relationship to molar 
refraction, possibly analogous to EQuATION 12. At present, sufficient 
experimental data of viscosity are not available for various types of 
organophosphorus compounds to prove relationship. 

Refrachor. Several years ago, Joshi and Tuli!3® introduced the 
‘ so-called refrachor [F] as a molecular property that is characteristic 
of structure 


(F] = -[P] * log (mp°- 1) (13) 


The refrachor was found to be more suitable than the parachor for 
determination of keto and enol forms in tautomeric systems of carbonyl 
compounds, 18 In view of the existence of tautomeric forms of organo- 
phosphorus compounds it was of interest to determine refrachor data 


TABLE 20 
CONSTANTS k’ AND k” IN EQUATION 12 


Type of compound 


(Alky1 0) 3P 26 
Alkyl OPC i" - 31 
O-Cc 

(Alkyl O)3;PO 56 
(Alky1 0) 3PS 21 
Alkyl SPS(O alkyl), 0 
H: PO (0 alkyl), 41 
Alkyl PO(O alkyl), 38 
(Alky1)(H)PO(O alky1) 30 
C1,P(0)R" 28.5 
CIP(OMR) 2" 


FP(OXR)2" 


*R representing O-alkyl or N(alkyl)p. 
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experimentally for various types of organophosphorus compound; the 
data obtained were as given in TABLE 22. As to be expected from 
EQUATION 12, the refrachor data were found to be related to data of 
molar refraction according to the equation (K' and K” being constants 
characteristic of a given type of compound) 


[F] = K’- Rp + K" (14) 


A comparison of values of Rp, [P], and [F] of components present 
in certain tautomeric systems of phosphorus compounds showed that 
refractive data are relatively most suitable for determination of 
components. 


Other Molecular Data 


Refractive index. Many years ago Eisenlohr!39 discovered that 
the product of molecular weight and refractive index, M - Ach showed 
a remarkable degree of additivity for various types of organic compound. 
Eisenlohr suggested that this product, which he called molecular re- 
fraction ‘‘coefficient’’, be substituted for the Lorentz-Lorenz expression 
of molar refraction because of its apparently stricter additivity. Sub- 
sequently, a sufficient number of theoretical values of atomic and bond 
increments became available for calculation of data for Eisenlohr’s 
‘‘coefficient’’ of a given organic compound.®+!2*25 Division of molecular 
weight values into theoretical data of this ‘‘coefficient’’ should produce 
values nearly identical to the experimental refractive indices of the 
compounds involved. An investigation of various types of organo- 
phosphorus compound showed that values of refractive indices, when 
determined in this manner, did not show sufficiently favorable agreement 
with experimental data to attach practical importance to this possibility. 

Molecular weight. Among organic polyphosphorus compounds the 
following family of compounds is known (R representing a dimethylamido 


group! °6), 
i? fags a ae: 
R,P- ves te O-—PR, (15) 
SS 


From theoretical data of molar refraction and experimental data of 
refractive index and density it should be possible to determine the 
molecular weight of various members of this family of compounds. 
Theoretically, the molar refractions and molecular weights of these 
compounds are given by the relationships Rp = 69.18 + 21.55 x and, 
M = 286.25 + 107.05 - x. Introduction of these expressions into the 
Lorentz-Lorenz equation, elimination of x, and reintroduction of the 


EEE 


Tolkmith: Organophosphorus Compounds 219 


TABLE 22 


MOLAR REFRACHOR [F] OF ALIPHATIC P-COMPOUNDS 


Structure 
(Alkyl O) 3P 107.5 212.83 
(Alkyl O) 3PO0 109,2 214.61 
(Alkyl O) 3PS 140,71 246.75 
Alkyl SPS(O alkyl), 181.89 288. 74 


(Alky1(H)POQ(O alkyl) 
CIPO(O alkyl), 175.3 
FPO(O alkyl), 148.1 
C1,POQ(O alky1) 122.7 
C1,PO[N(alky1) 9] 172.0 
Alkyl PO(O alkyl), 208.81 


expression obtained for x into the molecular weight expression results 
in the equation (if n?-1/n?+2 = L) 
d-4, 138 - L 
M = 286,25 + 343.65. - ———_—__| (16) 
4,968 - L-d 
Determination of molecular weights on the basis of Equation 16 
was found to be as accurate as cryoscopic determination, as shown in 
TABLE 23. Obviously, this method of molecular weight determination 
should be applicable to other families of organic compounds, also, after 
proper modification of EQUATION 16. 


POLARIZATION AND EQUILIBRIUM PHENOMENA 


According to the relationship expressed by EQUATION 5, changes 
in induced polarization and in free energy of a given chemical system 
should be quantitatively correlated. Inasmuch as the actual position 
of an equilibrium and the degree of probability of a given rearrangement 
or reaction are controlled by changes in free energy, they should be 
reflected in changes of induced polarization also. It was of interest, 
therefore, to compare changes in polarizability with experimentally 
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obtained information on tautomeric systems, intramolecular rearrange- 
ments, addition reactions, and decomposition reactions involving 
organophosphorus compounds. Changes in polarizability could be ex- 
pressed quantitatively as differences in theoretical values of molar 
induced polarization A[q,]. 

In a series of tautomeric systems a shift from one component to 
the other shows a certain decrease in polarizability (see TABLE 24). 
This decrease is substantial in the case of systems la, 1b, and 2a, 
moderate in the case of system 3a, and negligible for systems 4a and 
4b. Experimental investigation has shown that the systems 1a, 1b, and 
2a contain the less polarizable tautomer almost exclusively.28+92+140 
System 3a has been found to contain both components in more or less 
substantial amounts,45 while equilibrium 4a in solution has been re- 
ported to depend upon the nature of the solvent employed.!® From these 
findings it may be concluded that the conversion of the group H-X—P< to 
the group H-P=X causes a marked decrease in free energy, while the 
conversion of >P(Y)(XH) to >P(X) (YH) shows practically no change in 
free energy. This appears understandable on theoretical grounds. In 
the first case two o-bonds are changed to a different g-bond plus a 
am-bond. In the second case there is no difference in the number of 
bonds, while differences in the nature of the bonds in either tautomer 
appear to be compensated. Hence, no source causing a notable change 
in free energy is evident. However, one investigation?! has shown a 
predominance of thiono tautomer in system 4b. 

Intramoleuclar rearrangements show the following relationships 
between polarizability and change in free energy (compare TABLE 25). 
Various modifications of the well-known Michaelis-Arbuzov rearrange- 
ment involve reaction products that are considerably less polarizable 
and have less free energy than the isomeric starting products. Recon- 
version of such compounds into their starting products thus appears 
to be improbable. Experimental investigation has shown that in the 
case of the systems 5a,36 141-143 5p,143,144 64,143,144 and 66145 the 
less polarizable component could not be reconverted to its isomeric 
form. Rearrangements according to system 7a have been discovered by 
Forbes and Anderson;!45-147 information as to possible reversibility 
of this system is not available at the present time. The systems 8a and 
8b are somewhat similar to the equilibria 4a and 4b, although the thiolo 
form of system 8a is noticeably less polarizable than the isomeric 
thiono form. This fact explains, at least qualitatively, the unexpected 
formation of the thiolo form®* from 0,0-dialkyl sodiumphosphorothioates 
that are known to exist in thiono configuration only.°'+°* The isomeric 
pyrophosphates of system 8b have practically the same data of polar- 
izability. Therefore, their structure should depend upon the nature of 
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the solvent and the reaction temperature, as employed in their prepara- 
tion: Fiszer et al.115 have found that the thiolo configuration of system 
86 is formed in ether below 35° C., while Schrader and Muhlmann!4® 
have obtained the thiono isomer in water above 35° C. 

Definite relationships between change in induced polarization 
and change in free energy are also evident in certain addition reactions 
and decomposition reactions (see TABLE 26). According to the amount 
of change in polarizability, the formation of reaction products 9a and 
10a is less probable than the formation of the products 9b and 10b. Ex- 
perimental investigation has shown that the compounds actually produced 
had the structures 96149 and 106.159 Reversibility of reaction, as 
indicated by unchanged polarizability A[a,] =0, has been established 
experimentally for the systems 1la,'5! 12a,196152 134,153 17a}54 and 
18a. 196 

An interesting situation exists with some decomposition reactions, 
such as l4a, 14b, 15a, 156, 16a, and 166. The main products formed 
could be either monomeric or polymeric. Monomeric configuration appears 
quite unlikely as it would result not only in a great increase in polar- 
izability, but also in the formation of two o7-bonds at the same phosphor 
rus atom. Consequently, the reaction products should have polymeric 
structure. Experimental investigation has shown that the main products 
were dimers of cyclic structure. 1557157 

The findings reported disclose the existence of a proportionality 
between changes in polarizability and changes in free energy of reaction 
systems involving organophosphorus compounds. This relationship 
bears similarity to the relationship between polarity and heat of com- 
bustion of carbon compounds, as discovered by Kharasch and Sher. 158 


SUMMARY AND CONCLUSION 


The aim of the investigation described was an elucidation of 
quantitative relationships between the state of the valence electrons of 
phosphorus and various molecular properties of organophosphorus 
compounds. The investigation was based upon the concept of electron- 
group polarizability as a characteristic of valence electrons. The 
3s73p3 electrons of phosphorus were quantitatively characterized by 
data of mean induced polarizability of electron groups containing one 
of the 3p* electrons and, respectively, both of 3s? electrons of phos- 
phorus. The polarizability data were determined in A3 units from known 
data of refraction according to the familiar relation a;=a,4 +ag =3Rp /4aN. 


On the basis of the concept employed it was also possible to determine 


data of mean polarizability for unshared electron pairs themselves, 
that is, for the 3s? electrons on phosphorus and the 2s? electrons on 
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TABLE 26 


ADDITION REACTIONS AND DECOMPOSITION REACTIONS 


No. | Reaction products 


(Alkyl) 2CH *O- PO (OH)> - 1.0 

(Alkyl)2CO + HPO(OH), 

(Alky1),C (OH) PO(OH), - 2.0 

Alkyl CH=CHPC1, + HCI - 0.1 
Alkyl CH=CH, + PC1; 

Alkyl CHCICH »PC1, = 1.46 
2(Phenyl 0)3P + PC13 3 (Phenyl O)2PC1 0 
n(R')3PO +(R'PO2)n n[(R ')2P(0)],0 0 


n(Alkyl S)3PS Se (P,S 5)n 3 (Alkyl SPS )n 


Phenyl NHP(X)=N phenyl 


(Phenyl NH)3;P=X —phenyl NH, 


1/n (Phenyl NHP (X)— N phenyl), | - 0.38 
i] Phenyl! NHP (X)=N pheny! +2.42 
(Phenyl NH),PC1 — HC1 
1/n (Phenyl NHP (X) —N phenyl), | - 0.38 
i C1P(X)=N phenyl + 2.24 
Phenyl NHPC1,—HC1 
1/n(C1P (X)—N phenyl), - 0.56 
2 Phenyl PC1,—PCl3 (Phenyl),PC1 0 
; ; Hoc, 
2[(R ‘)2P (0) ],0-(R ‘)3PO [(R ')2P(0)—O-]2PR 0 


SR being O—alkyl or N(alkyl)2, and X representing oxygen or sulfur. 
-T Compare TABLE 24. 
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nitrogen. With the establishment of data that quantitatively characterize 
electron groups containing valence electrons of phosphorus, it was 
possible to investigate relationships between these data and various 
molecular properties of compounds containing either 3 or 4 atoms direct- 
ly attached to phosphorus. The following results were obtained. 

Bond data. A mathematical relation between mean polarizability 
of electron groups, containing one of the 3p* electrons of phosphorus, 
and bond energy as well as interatomic distance was empirically es- 
tablished. Increments of refraction pertaining to various phosphorus 
bonds were determined. They were found to be constant and independent 
of structure only in those cases that involved attachment of a univalent 
atom to phosphorus (P—H, P—Halogen). Refractive increments pertaining 
to g-bonds between phosphorus and, respectively, carbon, nitrogen, 
oxygen, and sulfur were found to vary characteristically with structure, 
as was to be expected from the viewpoint of the electronic theory of 
structure. Refractive increments of g-bonds between phosphorus and 
bivalent atoms, such as oxygen and sulfur (P—+O, P—+S), were found 
to be constant and independent of structure, as was to be expected 
theoretically. Apparently negative values of refractive increment, as 
reported for the coordinate-covalent P—»O bond, were found to result 
from calculations based upon valence-bond structures. The inadequacy 
of such structures for investigations involving refraction was first 
pointed out by Fajans,! as well as by Smyth.? 

Molecular data. Data of molar refraction, when calculated theo- 
tetically as the sum of data of mean induced polarizability, were found 
to be in satisfactory agreement with experimental data of more than 500 
organophosphorus compounds. Experimental data of parachor and re- 
frachor also were found to fit a simple mathematical relation with 
molar, induced polarization. It was concluded from the existence of 
these relationships that molar refraction, parachor, and refrachor are 
quantitative expressions of molar, induced polarization. This explains 
the constitutive and essentially additive nature of these molecular 
properties. 

The group refraction of phosphorus-containing heterocyclic rings 
was not found to be independent of structure but to show optical depres- 
sion, which varies somewhat if the 3s? electrons of phosphorus are 
engaged in formation of g-bonds. In this case optical depression appears 
to be associated with 7-bond delocalization. 

Free energy. A study of tautomeric equilibria, intramolecular re- 
arrangements, and certain addition reactions, as well as decomposition 
reactions, disclosed that changes in molar, induced polarization and 
changes in free energy apparently are directly proportional. 
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Conclusion. The quantitative relations established between chemical 
structure and some properties of organophosphorus compounds apparently 
represent a first, though incomplete, system for this class of compound. 
Within the limits of its applicability it may contribute to the elevation 
of organic phosphorus chemistry to a less empirical level. 
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